1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

NATIG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
J Control Release. 2015 February 10; 199: 180-189. doi:10.1016/j.jconrel.2014.12.014.

Trg-deficient Salmonella colonize quiescent tumor regions by
exclusively penetrating or proliferating

Miaomin Zhang and Neil S. Forbes”
Department of Chemical Engineering, University of Massachusetts, Amherst, MA, USA; Pioneer
Valley Life Sciences Institute, Springfield, MA, USA

Abstract

Chemotherapeutics fail to effectively treat tumors because they cannot reach quiescent regions far
from blood vessels. Motile Salmonella are an attractive delivery system that could break this
therapeutic barrier. However, little is known about the dissemination and tissue penetration of
individual bacteria in tumors after intravenous administration. We hypothesized that eliminating
the Trg receptor would improve accumulation in tumor quiescence. To test this hypothesis, we
deleted the trg gene from nonpathogenic Salmonella. To quantify individual bacterial behavior,
we measured tissue penetration in a tumor-on-a-chip device and measured colony localization in
mouse tumors using immunofluorescence. In tumors in vitro and in mice, trg~ Salmonella
penetrated farther into tissue than control bacteria. This difference in localization was caused by
the inability to sense sugars in well perfused tissue. Three distinct bacterial phenotypes were
observed: proliferating, penetrating, and inactive. Large proliferating colonies, containing more
than 40% of individual bacteria, only formed less than 60 um from blood vessels. Small colonies,
in comparison, were present both near (inactive) and far (penetrating) from vessels. The farthest
was 361.2 pm from a vessel, demonstrating the ability to target avascular regions. In addition,
colonization was most pronounced in poorly vascularized tumor regions. We show that deletion of
trg amplifies Salmonella accumulation in quiescent tumor regions, and, for the first time, identify
biological processes that control bacterial distribution in tumors. Understanding how Salmonella
penetrate tissue, target quiescence and specifically replicate in tumors are essential steps toward
creating a tightly controlled, tunable bacterial therapy.
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Introduction

Salmonella bacteria have the potential to be potent anticancer agents [1, 2]. Motile bacteria
have the unique ability to overcome the diffusion limitations that prevent chemotherapeutics
from being effective [3]. Because Salmonella are self-propelled, they can penetrate deep into
tumor tissue [4] and away from blood vessels [5]. Once there, they can be triggered to
produce anticancer molecules that kill tumor cells [6-8]. Bacterial tissue penetration is
controlled by chemotaxis toward molecules produced by living and dying cancer cells [4].
Similar to chemotherapeutics, systemically administered bacteria enter tumors through the
vasculature. From there, they seek and replicate in preferable regions [5]. Replication is
important because the disproportional increase in bacterial density in tumors is the major
cause of selectivity over normal tissue [9, 10]. Salmonella have been shown to accumulate
in tumors at densities as high as 1:10,000 compared to normal organs [10, 11]. To date, little
is known about the behavior of individual Salmonella in tumors. Understanding how
Salmonella migrate and replicate in tumors will enable creation of therapies able to eradicate
tumor cells untouchable by conventional therapeutics.

Solid tumors do not respond optimally to chemotherapy for several reasons. Most
chemotherapeutics do not actively target tumors [12, 13]. This lack of specificity leads to
insufficient drug exposure, and gives cancer cells a chance to repopulate between treatments
[14]. Large intercapillary distances, variable blood flows, and high interstitial pressures [15,
16] prevent chemotherapeutics from diffusing deep into tumors at effective concentrations
[17]. This unfavorable distribution is compounded by the metabolic state of tumor cells
located far from blood vessels. These cells do not progress through the cell cycle and are
arrested in a quiescent state, which protects them against most anticancer agents, which
target actively proliferating cells [18, 19].

Chemotaxis machinery controls where Salmonella colonize in tumors [4, 20]. Faster
swimming bacteria have increased accumulation and penetration into tumor tissue [21]. In
cylindroids, Salmonella that cannot sense aspartate cannot detect tumors, and Salmonella
that cannot sense serine do not penetrate tissue [20]. Salmonella mutants that cannot detect
sugars penetrate tissue, but accumulate in quiescent regions between necrotic and
proliferating tissue [20]. Salmonella sense sugars with the Trg receptor, which binds
periplasmic binding proteins (Figure 1A) [22]. When a gradient of glucose or ribose is
encountered, the sugar molecules diffuse through the outer membrane and bind to the
glucose-galactose binding protein (GGBP) or the ribose binding protein (RBP). Activated
GGBP or RBP bind to transmembrane complexes formed by the proteins Trg, CheW, and
CheA. When activated, this complex reduces the rate of CheY phosphorylation and lowers
the flagellar tumbling frequency [23], propelling bacteria towards regions with higher sugar
concentrations. Salmonella without Trg would not chemotax toward sources of either
glucose or ribose.

The goal of this work was to quantify and control the behavior of individual Salmonella in
tumor tissue. We hypothesized that (1) Salmonella without the Trg receptor have improved
accumulation in quiescent tumor regions in mice, and (2) Salmonella have distinct
phenotypes that control colony localization relative to blood vessels. To test these
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hypotheses, the trg gene was deleted from the chromosome of a non-pathogenic Salmonella
strain. The motility of trg™ Salmonella was evaluated in culture and its ability to penetrate
tissue was measured in a perfused tumor-on-a-chip device. The location of colonies relative
to tumor blood vessels was determined in BALB/c mice with subcutaneous 4T1 tumors.
Intratumoral Salmonella colonies and blood vessels were identified by immunofluorescence.
Quantitative spatial analysis was used to measure colony size, distance to vessels, and local
vascular density. To the best of our knowledge, this is the first time that the distribution of
individual bacteria and colonies relative to tumor vasculature has been measured, and the
first time that bacterial chemotaxis machinery has been manipulated to improve tumor
localization. With the ability to selectively target quiescent tumor tissue, trg™ Salmonella are
an excellent tool to overcome the limitations of standard therapies. Understanding the
principles of Salmonella intratumoral localization will enable more focused and fully
controlled tumor targeting, and ultimately realize the potential of Salmonella as an
anticancer agent.

Materials and Methods

Bacterial strains and cultural conditions

The attenuated Salmonella strain VNP20009 was donated by Vion Pharmaceuticals, New
Haven, CT. VNP20009 (purl~, msbB~, xyl™) is a detoxified strain designed for clinical
applications [9, 24]. It was necessary to create a trg deletion in the VNP20009 strain because
it is non-toxic and does not induce sepsis when injected into mice [9]. The Trg-deficient
strain ST832 used for in vitro cylindroid experiments [20] was derived from the virulent
LT2 strain [25, 26] and would not be suitable for use in live animals. The \-red-gene-
inactivation system [27] was provided by Barry Wanner at Purdue University, West
Lafayette, IN. Bacteria were grown in LB broth or on LB agar at 37°C. Exogenous DNA
was introduced into Salmonella by electroporation (Bio-Rad, Hercules, CA) with 1mm
cuvettes and the following settings: 1.8kv, 25uF and 200€.

Trg gene deletion

The trg gene was deleted from the Salmonella genome using A-red gene inactivation [27,
28]. This system utilizes homologous recombination to replace the target gene with an
antibiotic resistance gene as a screening marker. Salmonella (VNP20009) were transformed
with the A-red helper plasmid pKD46 and grown in liquid culture with 0.2% L-arabinose at
30°C to induce the expression of A-red recombinases. The chloramphenicol resistance gene
cat was amplified from plasmid pKD3 by PCR using the primer H1-P1 (ACG CGC CCG
CGG CTA AAATAG CCC GCT GGC GCG ACG CTT AGT GTA GGC TGG AGC TGC
TTC) and H2-P2 (TAA CGG GCG TGT TTT ACG CAT AAA ACC TAC AAG AGA GTC
GCA TAT GAA TAT CCT CCT TA). The PCR product had cat in the middle of two 40-bp
DNA sequences (H1 and H2) that flank trg in the Salmonella genome (Figure 1B). This
product was transformed into Salmonella by electroporation, which were plated on LB agar
with 25pug/ml chloramphenicol and incubated at 37 °C to screen for isolates taking up cat in
the trg locus. The trg gene deletion was confirmed by DNA sequencing (Genewiz, South
Plainfield, NJ).
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Salmonella motility and growth in culture

Agueous motility was quantified by introducing a GFP-expressing plasmid into trg™ and
control Salmonella. Swimming velocities were measured in LB after overnight growth and
resuspension. A 20 ul droplet of diluted culture was placed on a glass slide and fluorescence
images were acquired every second for one minute. Fluorescent images were acquired on an
inverted epifluorescent microscope (Olympus, Center Valley, PA), equipped with a Plan-
APO 10X objective, a SLCPIlan 40x objective, and a Peltier-cooled monochrome CCD
camera (Hamamatsu, Bridgewater, NJ). All bacteria in a microscope image were tracked, X
and Y coordinates were noted at each time, and average velocities were calculated. Growth
rates were determined by inoculating LB cultures of trg™ and control Salmonella in LB and
measuring optical density at 600 nm every 30 minutes.

Salmonella penetration into tumor tissue in vitro

Microfluidic tumor-on-a-chip devices were created as described previously [21, 29].
LS174T human colorectal adenocarcinoma cells (American Tissue Type Collection ATCC,
Manassas, VA) were grown at 37°C and 5% CO, in low glucose (1 g/l) DMEM
supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich). Multicellular tumor
spheroids were formed by seeding 2.5x10% cells/ml on poly(2-hydroxyethyl methacrylate;
Sigma-Aldrich) coated flasks for 12 days. Devices molds were fabricated by contact soft
lithography [21] with silicone elastomer (Sylgard 184, Dow Corning, Midland, Ml).
Spheroids were introduced into 1000x300x150um chambers and incubated for 24 hours at
37°C. Acidity was maintained by perfusion of DMEM buffered with 25 mM HEPES.

Cultures of trg™ and control Salmonella were grown overnight, diluted to 10° CFU/ml in
DMEM, and introduced into devices at 3 pl/min. After 1 hour, devices were flushed with
bacteria-free medium, and colonization was monitored for 15 hours. Four tissues were tested
for each condition. Transmitted light and green fluorescent images of device chambers were
acquired at 1-hour intervals. To acquire images of entire chambers, two images (867.15 x
660.68um each) were obtained at 10x and tiled together (IPLab, BD Bioscience, Rockville,
MD). Green fluorescent images were captured using 470/40 nm excitation and 525/50 nm
emission filters (Chroma, Rockingham, VVT). Spatiotemporal bacterial density profiles were
generated from green fluorescence images. Linear density averages for successive widths
along each chamber were determined from background-subtracted images. Distances were
normalized by the length of the tissue in each chamber. This procedure was automated using
a customized script in MATLAB (The MathWorks Inc, Natick, MA) [21]. Penetration of
trg™ and control Salmonella was compared by averaging relative densities at three fractional
depths: 0-0.2, 0.2-0.35, and 0.35-1, relative to the total depth of each tissue. The zero and
one positions are at the front and back of the tissue, respectively.

Salmonella administration to tumor-bearing mice

Tumors were formed in mice by implanting 4T1 murine mammary carcinoma cells
(American Tissue Type Collection, Manassas, VA). Prior to implantation, cells were grown
in RPMI-1640 with 10% fetal bovine serum at 37°C and 5% CO,, trypsinized, and
suspended in phosphate buffered saline (PBS) at 5x106 cells/ml. Ten microliters of the
suspended cell solution, containing 50,000 cells, was injected subcutaneously into the right
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flank of 8-12-week-old, BALB/c mice. Caliper measurements were taken regularly to
monitor tumor growth. Implanted tumors were grown for 3—-4 weeks. When tumors reached
1000-1500 mm?3, mice were injected with 2x10% CFU mid-log-phase trg~ and control
Salmonella. Bacteria were suspended in 100 ul PBS, and injected via the tail-vein into mice
with size-matched tumors. Twelve hours after bacterial injection, mice were euthanized in a
CO, chamber and tumors were collected. Tumors were frozen in cryosectioning specimen
matrix (Tissue-Tek OCT compound, VWR, Radnor, PA) on dry ice and kept in a -80°C
freezer. All animal experiments were conducted in accordance with the National Institute of
Health (NIH) guidelines for care and use of laboratory animals. The protocols were
approved by Baystate Medical Center, Institutional Animal Care and Use Committee
(IACUC).

Immunofluorescence labeling of Salmonella and endothelial cells

Tumor sections were stained to identify Salmonella colonies and tumor blood vessels. Five-
micrometer, equatorial sections were cut from frozen tissue blocks. Sections were blocked
with 1% bovine serum albumin (BSA) for 30 minutes, and incubated in a 1:200 dilution of
polyclonal rabbit anti-Salmonella antibody (Abcam, Cambridge, MA) at 4°C overnight. The
next day, sections were administered 1:250 polyclonal goat, anti-rabbit Alexa 546
(Invitrogen, Carlsbad, CA) at room temperature for 1 hour. Sections were sequentially
incubated in 1:50 rat anti-mouse CD31 (BD Pharmingen, Franklin Lakes, NJ) and 1:200
donkey anti-rat Alexa 488 (Invitrogen) at room temperature for 1 hour each. Slides were
counter-stained with 0.1 pg/ml DAPI (Thermo Scientific, Waltham, MA) and mounted with
coverslips using mounting medium (Vectashield Hard-Set, Vector Labs, Burlingame, CA).
All slides were stored at 4 °C and protected from light. Negative staining controls were
performed on both bacteria-free and colonized tissues without application of primary
antibodies. These controls confirmed the specificity of the antibody staining methods to
Salmonella colonies.

Image acquisition and analysis of colony localization

High-resolution, immunofluorescence images of entire sections were obtained on an
inverted epifluorescent microscope (Olympus), equipped with a 10x objective and an
encoded, motorized stage (Ludl Electronic Products, Hawthorne, NY). To acquire
composite, whole-section images, hundreds of individual frames, 867.15 x 660.68 um in
size, were acquired, scaled by a factor of 0.25, and tiled together. A 1x1 cm tissue section,
for example, required 192 (12 by 16) individual images. This imaging process was
controlled by automated scripts in the microscope controlling software (IPLab, BD
Biosciences, Rockville, MD). Fluorescence images of Salmonella, labeled with the Alexa
546 red fluorescence dye, were acquired using a green-light excitation filter set,
D546/10x-565DCXT-E590LPv2 (Chroma, Rockingham,VT). Images of blood vessels
(CD31), stained with the Alexa 488 green fluorescence dye, were acquired using a blue-light
excitation filter set, D470/40x-495DCXT-E515Lpv2 (Chroma). Images of the DAPI
counter-stain were acquired with a UV excitation filter set, AT350/50x-400DCLP-
E420LPv2 (Chroma).
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The intratumoral distribution of Salmonella was quantified using built-in functions in
ImageJ (National Institutes of Health, Bethesda, MD). Red and green fluorescence images
of whole tissue sections were thresholded into binary images showing the locations of
Salmonella and blood vessels. The sizes of Salmonella colonies were determined by
measuring the number of pixels within the colony boundary. Each identified colony pixel
was assumed to contain a single bacterium. Based on minced tissue plating [30], number of
pixels in histological sections is equivalent to the number of bacteria in tumors. To estimate
colony-to-vessel distances, Euclidean distance maps were generated around blood vessels.
The value of each pixel in a Euclidean distance map indicates its distance from the nearest
blood vessel. Colony-to-vessel distances were determined at the geometric centers of
colonies. Tumor microenvironments were divided into three categories based on previous
measurements of single-cell physiology in tumor cylindroids [31] and oxygen levels
surrounding blood vessels in tumors [32]. Tumor tissue 0—60 um from blood vessels was
defined as proximal; tissue 60-300 um from vessels was defined as quiescent; and tissue
greater than 300 pm from vessels was defined as distal. Blood vessel density of tumor tissue
was calculated by counting the number of blood vessels enclosed within a 50 pm radius
circle.

Statistical analysis

Results

Data are reported as means with 95% confidence intervals. Pairwise comparisons were
performed using two-tailed Student's t-tests with minimal significance of 0.05.

Knockout creation and localization in tissue in vitro

A trg™ Salmonella mutant was produced with lambda-red homologous recombination
(Figure 1B). Deletion of trg was confirmed by colony PCR (Figure 2A) and DNA
sequencing of the chromosome (Figure 2B). The inserted genetic material, including the cat
gene, is smaller than the trg by 618 bp. In culture, knocking out trg did not affect the
percentage of motile bacteria (Figure 2C) or affect the growth rate (Figure 2D). Motile
bacteria had velocities greater than 3 um/sec. The doubling times for control and trg™
bacteria, 31.3 £ 0.39 and 29.9 £ 1.7 minutes (Figure 2D), were not statistically different. The
average velocities of control and trg™ bacteria were 28.3 + 3.6 and 13.9 + 2.3 um-sec™?,
respectively (Figure 2C). This difference was caused by the presence of more rapidly
swimming bacteria (>60 pm-sec™1) in the control population. A greater fraction of
swimming trg™ bacteria were in the 3-10 pm-sec™! velocity range.

The inability to sense glucose enabled trg™ to penetrate further than control Salmonella into
tumor tissue grown in a microfluidic device (Figure 2E-H). Bacterial penetration was
quantified by converting fluorescence images (Figure 2E) into linear bacterial density
profiles (Figure 2F), and grouping densities into three ranges: proximal (0-0.2), middle (0.2
—0.35) and distal (0.35-1.0; Figure 2G-H). The difference in swimming velocity in aqueous
culture had little effect on penetration. Ten hours after administration, the accumulation of
trg™ was greater than control Salmonella at all locations (P<0.001). The knockout
predominantly accumulated in the middle region (P<0.005; Figure 2G). By 15 hours, the
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overall accumulation of control bacteria was comparable to trg™, but they were in different
locations (Figure 2H). Control bacteria were distributed equally between the proximal and
middle regions, but trg™ was predominantly in the middle compared to the proximal region
(P<0.01; Figure 2H).

Salmonella distribution in tumors

Salmonella were administered to tumor-bearing mice to determine intratumoral colonization
patterns (Figure 3). Twelve hours after injection, the colony distributions of trg™ (n=10) and
control (n=9) Salmonella were similar. Tiled images of entire tumor sections (Figure 3A-B)
were assembled from multiple, high-resolution images (Figure 3C-E) to quantify the
distances between individual colonies and blood vessels. Colony color (red to white)
indicates distance to nearest blood vessel (see detailed description below). In tumors,
Salmonella formed both small and large colonies (Figure 3C-E). Small colonies (filled
white arrows) were located near and far from blood vessels (open arrows; Figure 3D, E).
Large colonies (black arrows) were only located near blood vessels (Figure 3C, E).

The colony distribution of trg™ and control Salmonella was sparse and uneven (Figure 3A-
B). In both groups, some regions had more colonies than others, and some regions did not
contain any colonies. Two regions with high vessel densities, the left edge of the control
section (Figure 3A) and the central area of the trg™ section (Figure 3B), both had fewer
colonies than other regions. The average colonization in all mice was less than 60 colonies
per 50 mm? and there was no statistical difference between control and knockout-treated
mice (Figure 3F). Similarly, there was no difference in average colony size (Figure 3D). The
average colony density, 34.2 colonies per 50 mm?2, was similar to previously measured
densities [33].

Salmonella colony size distribution was heterogeneous

Most bacterial colonies were small, but many of the bacteria were located in large colonies
(Figure 3H, I). In ten trg™ and nine control Salmonella sections, 379 and 228 colonies were
identified, respectively. More than 90% of the colonies formed by both strains contained less
than five bacteria (Figure 3H). In these tumors, there were few large colonies. Only three
colonies containing more than 60 bacteria were detected. These large colonies contained
between 111 and 170 bacteria, which was a considerable fraction of the total number of
colonized bacteria (Figure 31). Many of the tumors contained only small (1-5 bacteria) or
medium-sized (5-60 bacteria) colonies. Weighted by total bacterial count, small colonies
contained 38.8 and 44.0% of control and trg™~ bacteria, respectively (Figure 3l).
Comparatively, medium-sized colonies contained 46.6 and 32.2% of all bacteria, but were
only 8.3 and 6.6% of total number of colonies.

Knockout trg~ Salmonella preferentially localize to tumor quiescence

The number of trg™ colonies in the quiescent region was greater compared to control
Salmonella (Figure 4). A Euclidean mapping method was used to determine the distance of
colonies to the nearest blood vessels (Figure 4A-D). The locations of blood vessels were
determined in each tumor section (Figure 4A) and used to generate Euclidian distance maps
(Figure 4B). The locations of bacterial colonies (Figure 4C, arrows) were transposed onto
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the distance maps to determine the distance of each colony from its nearest blood vessel
(Figure 4D, arrows). Two-fold more trg™ colonies were located in the quiescent region (60—
300 um from the nearest vessel) than control colonies (P<0.05; Figure 4E). In this region,
the average trg™~ colony was larger than control colonies by 60% (P<0.05; Figure 4F). Only
trg™ colonies were located in the distal tumor region (>300um; Figure 4E-F). There was no
statistical difference in colony number or size in the proximal (0-60pm) region.

Colony size and density both decreased with distance from vessels (Figure 4E-F). For both
control and trg™ Salmonella, more colonies were located in proximal than quiescent regions
(P<0.05), and more colonies were located in quiescent than distal regions (P<0.005; Figure
4E). There were 3.0 and 4.7 times more colonies in proximal than quiescent regions for trg™
and control Salmonella, respectively. Similarly, colonies were larger in proximal compared
to quiescent regions (P<0.05) for both strains (Figure 4F). All colonies farther than 300 um
from vessels contained single bacteria. The ratio of colony size in proximal to quiescent
regions was 1.8:1 for trg™ and 4.0:1 for control Salmonella.

Large colonies only formed close to blood vessels

Colony size was highly dependent on location relative to blood vessels (Figure 5). Small
colonies were present throughout the entire distance range, but large colonies were only
located near blood vessels (Figure 5A-B). Comparison of the size and position of every
bacterial colony identified three distinct behavioral groups (Figure 5A-B). Penetrating
bacteria (group a) were located more than 60 um from blood vessels; proliferating bacteria
(group b) were in colonies containing more than 20 bacteria; and inactive bacteria (group c)
were located less than 60 um from vessels and in colonies with less than 20 bacteria. More
than 75% of colonies (Figure 5C) and 48% of bacteria (Figure 5D) were in this inactive

group.

All colonies in group a (penetrating) contained less than 20 bacteria (Figure 5A-B). The
greatest colony-to-blood-vessel distances for control and trg™ Salmonella were 228.8 and
361.2um, respectively. Both of these farthest-migrating colonies consisted of a single
bacterium. Knockout Salmonella had more tissue-penetrating colonies (27.7 to 16.7%,
Figure 5C) and more penetrating bacteria (14.6 to 7.1%; Figure 5D). Colonies containing
more than 20 bacteria (group b) were all located less than 60 pm from blood vessels (dotted
line in Figure 5A-B). This group contained the six largest control colonies and the seven
largest trg™ colonies. These colonies were 2—3% of the total number of colonies (Figure 5C),
but more than 40% of the total number of bacteria (Figure 5D). The largest trg™ colony
contained 170 bacteria and was 32.9 um from a vessel. The largest control colony contained
111 bacteria and was directly adjacent to two capillaries (Figures 5A and 3C).

Salmonella colonized regions with low vascular density

Bacterial colonization was greatest in tumor regions with sparse vessel density and low in

regions without vessels (Figure 6). Local blood vessel density was determined by measuring
the number of blood vessels within 50 pm of every pixel location in a tumor section (Figure
6A). Most tumor regions (solid line in Figure 6B) did not contain vessels (density = zero) or
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were sparsely vascularized (one to five vessels within 50 um). Only 8% of the tissue had
moderate (6-10 vessels) or high (10-19 vessels) densities.

The distribution of vessel densities for all tumor pixels (solid line in Figure 6B) served as a
reference for vessel densities measured around bacterial colonies (bars in Figure 6B). If
bacteria were evenly distributed throughout tissue, the percentage of bacterial colonies with
a given local vessel density (bars) would have been equal to frequency of all tissue locations
(solid line). The percentage of colonies located in regions with 1-5 vessels/area was greater
than the tissue frequency for both strains (P<0.05), indicating a preference for sparsely
vascularize tissue. Comparatively, the percentage of colonies located in regions without
vessels (zero vessel density) was lower than the tissue frequency for both strains (P<0.05).
There was no significant difference between the percentage of colonies in moderate and
densely vascular regions and percentage of tissue with those densities. There was also no
difference between control and trg™ Salmonella at any density (Figure 6B).

Most large colonies, containing more than 40 bacteria, were located in regions with low
vessel densities (Figure 6C,D). This relationship was unexpected because all large colonies
were located near vessels (group b in Figure 5). Seven colonies with more than 40 bacteria
were located in sparse regions with 1-7 vessels/area (Figure 6C,D). One colony was located
in tissue with no blood vessels. By definition, colonies in regions with zero vessel density
were located at least 50 um from the nearest vessel. Combined, these results indicate that
large colonies formed next to vessels that themselves were not near other vessels.

Discussion

Understanding the mechanisms that control bacterial colonization in tumors will enable the
creation of more effective bacterial anticancer therapies. To that end, we created a non-
pathogenic trg™ knockout Salmonella strain and quantified the general behavior of bacterial
colonization in tumors. The trg™ knockout strain penetrated deeper than control Salmonella
into tissue in a microfluidic tumor-on-a-chip device. In mice tumors, trg™ Salmonella
preferentially colonized quiescent tissue and formed larger colonies than controls. Overall,
Salmonella colonization was sparse and unevenly distributed. Twelve hours after injection,
colony size was widely distributed, with sizes ranging from single bacteria to colonies with
more than 170 individuals. Many accumulated bacteria were located in a few large colonies
and three different behavioral patterns were observed: penetrating, proliferating, and
inactive. Large colonies, composed of proliferating bacteria, were only located close to
blood vessels, and most Salmonella colonies were located in regions with low vascular
density (1-5 vessels/7800um?).

Attraction of trg~ Salmonella to sugars

The difference in the localization of trg™ to control Salmonella was primarily caused by the
inability to sense glucose. Without Trg, Salmonella were not attracted to extracellular
glucose, which is at high concentrations in tumor tissue near blood vessels [34]. Colony
localization of trg™ Salmonella is dominated by attraction to other small molecules [20]. In
cylindroids, this altered affinity caused accumulation in the annular quiescent region
between viable and necrotic tissue [20]. In perfused tissue, trg~ Salmonella migrated further
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into tissue (Figure 2) because they were not attracted to the glucose-rich region near the
channel. The same effect was seen in tumors, where trg~ Salmonella accumulated at higher
densities in quiescent tissue compared to controls (Figure 4). The presence of trg™
Salmonella in the distal regions of perfused tissue (Figure 2) and mouse tumors (Figure 4)
suggests that glucose controls chemotaxis more than ribose in these environments.

Salmonella phenotypes in tumors

The observation of distinct accumulation patterns suggests that Salmonella have multiple
behaviors when in tumors (Figure 7). Three types of Salmonella colonies were observed
(Figure 5): small colonies far from vessels (group a), large colonies near vessels (group b),
and small colonies near vessels (group c). Directly after injection, all bacteria entered tumors
from blood vessels (Figure 7A). At that time, all colonies were small and composed of
single bacteria. Over the next 12 hours, the three types of colonies formed (Figure 7B).
Some bacteria penetrated into tissue, producing colonies far from vessels (group a). Other
bacteria grew rapidly, forming large colonies near vessels (group b). If all large colonies
formed from single bacteria, then the bacteria that seeded large colonies were only a small
fraction (about 2%) of the injected population (Figure 5C). Then, because of rapid
replication, those proliferating individuals produced more than 40% of the colonized
bacteria (Figure 5D). The last group was inactive, neither penetrating nor growing (group c).
These bacteria formed small colonies near vessels. In all 19 mice, no large colonies were
found far from vessels (Figure 5). The absence of this group suggests that tumor-colonizing
Salmonella either penetrate or proliferate, but not both.

There are multiple mechanisms that could explain these distinct behaviors. Most bacterial
populations contain a range of phenotypes that are controlled by fluctuations in epigenetic
regulators [35, 36]. The proliferation rate of individual Salmonella can vary considerably
within a population, and this variation is more pronounced in small populations [37].
Changes in behavior are known to be caused by DNA methylation, when Salmonella
interact with mammalian tissue [38]. In culture, Salmonella populations contain a range of
motility phenotypes from non-motile to highly motile (Figure 2C). Multiple epigenetic
systems regulate bacterial motility [39]. For example, the methyltransferase CheR controls
adaption to varying levels of chemotactic attractors [40]. Molecular noise in these epigenetic
pathways leads to behavioral changes for individual bacteria [36]. Positive feedback
mechanisms stabilize these changes, creating bifurcations in gene expression and leading to
phenotype switching and population bistabilities [41]. In this way, molecular noise and
external influences give rise to distinct bacterial sub-populations that persist across
generations [42].

Manipulating the bistable switches that control the splitting into different phenotypes could
be harnessed to improve bacterial therapies. In nature, the existence of multiple phenotypes
improves survival [41]. Inactive bacteria are more resistant to environmental changes, such
as exposure to antibiotics. These bacteria, however, do not penetrate or proliferate (Figure
5), two functions necessary for therapy. Eliminating or reducing this population would
increase therapeutic efficacy. Increasing the number of penetrating bacteria [43] would
improve tissue dispersion [21]. Increasing the number of proliferating bacteria would have

J Control Release. Author manuscript; available in PMC 2016 February 10.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang and Forbes

Page 11

an exponential effect on the selectivity for tumor tissue over normal tissue. Rapid growth is
the primary reason Salmonella preferentially colonize tumors over healthy organs [10]. The
absence of large colonies far from vessels (Figure 5) suggests that the motile and
proliferating subpopulations are mutually exclusive. Greater understanding of the
compatibility of the switching between these phenotypes would enable enhanced control of
Salmonella growth and distribution within tumors.

Colonization was dependent on local vessels density

The preferential accumulation of Salmonella in regions with low vessel densities identifies
some mechanisms of tumor colonization. Few colonies were present in highly vascularized
regions (Figure 6B). This preference is visible in the macroscopic tumor sections (Figure 3).
The left edge of the control section (Figure 3A) and the central region of the trg™ section
(Figure 3B) both have more vessels and fewer colonies than other regions of the same
sections. The absence of colonies in highly vascularized regions was unexpected because the
bacteria were injected systemically via the tail vein. If colonies formed in proportion to
vessel surface area, more colonies would be present in more vascularized regions. In
comparison, an intravenously administered chemotherapeutic would surround all active
blood vessels [44] and would have a higher concentration per volume in regions of high
vessel density.

Two complementary mechanisms could explain the increased colonization of Salmonella in
poorly vascularized regions. It has been previously shown that Salmonella preferentially
grow in necrotic tissue [10, 33], where there is limited clearance by the immune system [45].
It has also been shown that after colonization, Salmonella destroy tumor blood vessels [46],
which would cause the local vessel density to drop. The preferential localization of large
colonies in tissue with few blood vessels (Figure 6C,D), suggests that bacteria were more
able to replicate when supplied with nutrients from dying tissue and protected from
clearance by the immune system.

The number of colonies in regions without vessels was less than the tissue-average density
(Figure 6B) because bacteria were initially introduced into tumor tissue through the
vasculature. Despite being lower than the tissue-average density, the number of colonies in
avascular regions was significant and non-zero (18-24% of the total population; Figure 6B).
All bacteria in these regions arrived by chemotaxis within the 12-hour period between
injection and observation (Figure 7). In contrast, the concentration of a chemotherapeutic in
these regions would be vanishingly small without vascular delivery. This difference
illustrates one of the major advantages of bacterial therapy: motile bacteria target tumor
tissue with low blood supply, and can overcome the transport limitations created by chaotic
and dysfunctional vasculature.

The preference for low vascular regions created colonization patterns that were sparse and
highly variable between mice (Figure 3). Unlike conventional therapies, micrometer-size
Salmonella cannot extravasate from blood vessels through intact endothelium. They must
enter tumor tissue through openings in the endothelial lining. These openings are more
present in leaky intratumoral vessels [47] and are triggered by bacterial infection [48]. Their
distribution might play a vital role in the scale and location of bacterial tumor invasion.
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Recently, we demonstrated that supplementing Salmonella injection with lipid A increases
bacterial accumulation and robustness [33], by inducing intratumoral inflammation [49].
This strategy solves the problem of inadequate Salmonella tumor targeting. It also
emphasizes the importance of creating passages for bacterial tumor invasion.

Conclusions

Deleting the Trg chemoreceptor from Salmonella improved its ability to target tumor
quiescence, and will enable anticancer bacteria to access therapeutically-resistant regions.
Quantitative analysis of Salmonella colonization revealed that individual bacteria
exclusively penetrate tissue or replicate. Despite being intravenously administered, bacterial
colonization favored tumor regions with low vascular density. The identification of distinct
Salmonella phenotypes in tumors adds a new dimension to bacterial anticancer research.
Further delineation of the genetic and epigenetic origins of these populations will enable
creation of bacteria with improved tissue penetration, quiescence targeting, and tumor-
specific replication. Understanding these critical mechanisms is essential to the creation of
tightly controlled, tunable bacterial therapies.
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Figure 1. Role of Trg in Salmonella chemotaxis
A) The sugar-sensing chemotaxis machinery of Salmonella includes periplasmic binding

proteins (GGBP and RBP), the transmembrane chemoreceptor Trg, signal transduction
components (CheW, CheA and CheY), and flagellum machinery. Extracellular glucose
(triangles) and ribose (squares) bind to GGBP and RP, respectively. When complexed, these
binding proteins activate Trg, which inhibits autophosphorylation of CheA kinases.
Phosphorylated CheA does not transfer phosphoryl groups to CheY, which decreases
tumbling frequency and results in movement up a sugar gradient. B) The trg gene was
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removed from the Salmonella genome by homologous recombination, and replaced by cat,
which confers resistance to chloramphenicol. Recombination was mediated by homology
extensions H1 and H2.
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Figure 2. Design and function of trg~ Salmonella
A) Deletion of trg was confirmed by colony PCR. The length of trg between the detection

primers (see Figure 1B) was 1733 bp and the insert, including cat was 1115bp. B)
Comparison of genomic sequences of the trg knockout and wild-type Salmonella. The
sequences match in the H1 homology region, the knockout does not contain trg, and it
contains cat. C) Velocity distribution of control (n=78) and trg™ Salmonella (n=60) in liquid
culture. D) Growth curves of control (n=3) and trg™ Salmonella (n=3). There is no
difference in growth rate. E) Knockout Salmonella penetrated deeper into tissue in a tumor-
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on-chip-device than control bacteria. In quantitative analysis, the zero location indicates the
front of the tissue and one indicates the back. F) Average bacterial density 15 hours after
bacterial administration as a function of position within each tissue (n=4 chambers).
Densities were scaled to the maximum value detected at 15 hours. This maximum density
was set to 100. G, H) Comparison of bacterial densities at the front (0-0.2), middle (0.2—
0.35) and back (0.35-1) of tumor tissue. At 10 hours (G), more trg™ Salmonella were
located in all three regions (1, P<0.001) and the density in the middle was greater than the
front (1, P<0.005). At 15 hours (H), more trg™ were present in the back than control bacteria
(}, P<0.001), more control bacteria were located at the front (1, P<0.001), and the density of
trg™ was greater in the middle than in the front (*, P<0.01).
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Figure 3. Distribution of trg~ Salmonella in tumors
A,B) Pseudocolor tumor cryosections colonized by (A) control and (B) trg™ Salmonella.

Salmonella colonies are colored from red to white according to their distances from blood
vessels (0 to 250 um). Blood vessels (green) were identified with anti-CD31, and tissue
(blue) was counterstained with DAPI. Colonies were dilated by 50 pm to improve visibility.
Scale bars are 1.5mm. C-E) High-resolution images of regions highlighted by white
rectangles in A and B. Images show (C) a large control colony (black arrow) directly
bordering two blood vessels (open arrows); (D) a small control colony (solid arrow) far from
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blood vessels; and (E) small and large trg™ colonies (solid and black arrows) and the nearest
vessels (open arrow). Scale bars are 100um. F) Average number of colonies per 50mm? for
control (n=9) and trg™ (n=10) Salmonella. G) Average colony size. Error bars indicate 95%
confidence intervals. H) Distribution of control and trg™ Salmonella colonies as a function
of size (number of bacteria). The majority of colonies contained five or less bacteria. I)
Frequency of individual control and trg™ bacteria in colonies of different sizes. Many
bacteria were located in a few large colonies.
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Figure 4. Colony locations relative to tumor vasculature
A-D) Method used to quantify distance to blood vessels in tumor sections. A) Binary images

were generated from immunofluorescence images that indicate the location of blood vessels.
B) Euclidean distance maps were generated from the binary images, in which pixel
intensities indicate the distance to the nearest vessel. C) Binary images of bacterial colonies
were generated from immunofluorescence images. D) The union of colony and Euclidian
maps indicate the distance of each colony to the nearest vessel. E) More trg™ colonies
(n=10) were located in quiescent tumor regions (60—300 um from vessels) than control
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colonies (*, P<0.05; n=9). Regions were defined as proximal (0-60 pm), quiescent (60-300
pum), and distal (>300 pm). The number of control and trg™ colonies were greater in
proximal than quiescent regions (*, P<0.05), and quiescent than distal regions (F, P<0.005).
F) The average size of trg™ colonies in quiescent regions was larger than control colonies (*,
P<0.05). The size of control and trg™ colonies decreased with distance from vessels (*,
P<0.05). Error bars indicate 95% confidence intervals.
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Figure 5. Colony size was dependent on distance to vessels

A, B) Relationship between colony size and distance for (A) control and (B) trg™ Salmonella.
Colonies were segregated into three groups: (a) colonies greater than 60 pm from the nearest
vessel (vertical line); (b) colonies containing more than 20 bacteria (horizontal line); and (c)
colonies containing less than 20 bacteria and closer than 60 um to the nearest vessel. No
colonies with more than 20 bacteria were farther than 60 pm from vessels. C) Percentage of
colonies in the three categories: (a) penetrating (>60 um), (b) proliferating (>20 bacteria),
and (c) inactive (<60 um and <20 bacteria). D) Percentage of bacteria in the three categories.
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Figure 6. Salmonella predominantly colonized tissue with low vessel densities
A) Local vessel densities were determined by counting the number of blood vessels in 100

pum diameter circles around every pixel in tiled binary images. B) The tissue location
frequency (solid line) is the percentage of tissue pixels in the four ranges of local vessel
density (0, 1-5, 6-10, and 10-19 vessels in the surrounding 50 pm circle). Most tissue was
avascular (density = 0) or sparsely vascularized (1-5 vessels). Both control and trg™
Salmonella preferentially colonized sparsely vascular regions. The percentage of colonies in
sparse regions was greater than avascular regions (**, P<5x10™4). C, D) Colony size was
moderately dependent on vessel density, for both (C) control and (D) trg™ Salmonella. All
large colonies were found in sparse and avascular regions.
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Figure 7. Three behaviors of Salmonella in tumors

The dependence of colony size on distance to vessels suggests the existence of three distinct

intratumoral phenotypes. A) When bacteria were injected systemically, they entered tumors

from the vasculature as individuals. B) Over the next 12 hours, three distinct phenotypes
emerged. Highly motile bacteria (a) penetrated away from vasculature, but did not

proliferate. Proliferating bacteria (b) replicated and formed large colonies, but did not
migrate away from vasculature. Inactive bacteria (c) neither penetrated nor proliferated. The

migration path.

J Control Release. Author manuscript; available in PMC 2016 February 10.

direction of migrating bacteria is indicated by a dashed line, and the solid line indicates the




